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To understand the agglomeration mechanism of NiGe films grown on Ge(001), texture structures of NiGe films are revealed by X-ray pole figure
measurement. Two preferred epitaxial orientations of the NiGe grains are identified to be NiGe(454) k Ge(001) NiGe[ 101] k Ge[110] and
NiGe(130) k Ge(001) NiGe[002] k Ge[110]. The component of the first epitaxial alignment becomes dominating and the latter diminishing with
increasing annealing temperature. The NiGe grains of the second epitaxial alignment are unstable and diminishing at high temperature due to the
relatively higher interface/surface energy. The competition of grains with various epitaxial orientations has made a significant contribution to film
agglomeration. # 2013 The Japan Society of Applied Physics
M
etal–oxide–semiconductor field-effect transistor
(MOSFET) with germanium (Ge) channel is con-
sidered as one of the most promising devices for
future integrated circuits. To fabricate Ge MOSFET, nickel
germanide (NiGe) has been selected as the best candidate
material for the source and drain. This is because NiGe has
a low electrical resistivity and low formation temperature
among all metal germanides.1)
NiGe can be self-aligned formed through the solid reac-
tion of a Ni film with the Ge substrate. As the annealing tem-
perature increased to about 550–600 C, the NiGe experi-
ences an agglomeration process. After agglomeration, the
NiGe films break into isolated islands. To increase the
morphological thermal stability, NiGe was added by other
metals such as Pt and Pd.2,3) NiGe grown on tensile-strained
epitaxial Ge-on-Si was also found to have a higher agglom-
eration temperature probably due to the reduced interface
energy.4)
NiGe has a MnP-type orthorhombic structure with lattice
constants a ¼ 5:811 A, b ¼ 5:381 A, and c ¼ 3:428 A. The
large difference between NiGe and cubic Ge (a ¼ 5:657 A)
prohibits the pseudomorphic epitaxial growth of NiGe
on Ge. However, the texture structure of NiGe has been
viewed in previous investigations.5,6) Thin polycrystalline
films usually contain billions of small crystal grains in
each square centimeter area, however, these grains are not
randomly oriented but can form three types of texture,
namely in-plane epitaxy, fibre texture, and axiotaxy.7)
In this work, the texture structures of the NiGe film grown
on Ge(001) were thoroughly studied by X-ray pole figure
measurement. We evaluated the grain structure evolution in
the 300–600 C temperature range. Within this temperature
range, the NiGe film experienced initial formation to final
agglomeration. We proposed that the NiGe film agglomera-
tion was initially started by the competition between grains
with various epitaxial orientations.
To form NiGe thin films on Ge, the Ge(001) substrate was
firstly circularly degreased in an ultrasonic bath of acetone
and ethanol, and then immersed in a hydrofluoric acid solu-
tion (HF : H2O ¼ 1 : 50) to remove the native oxide. After
being blown dry by compressed N2 gas, the substrate was
deposited by a 40-nm-thick Ni film in a sputtering system.
No intentional heating was performed during the sputtering.
After Ni film deposition, the sample was subjected to rapid
thermal annealing. Nitrogen with purity of 99.999% was
used as protection ambient. The annealing temperatures
were chosen from 250 to 650 C and the annealing time
was fixed at 60 s. Sheet resistances of the formed NiGe
films were checked using a four-point probe. The surface
morphology evolution was examined by scanning electron
microscopy (SEM).
To investigate the film texture orientation, the sample
was loaded into a high-resolution X-ray diffraction system
(Panalytical X’Pert Pro MRD). Cu K radiation was used as
X-ray source with  ¼ 1:5406 A. A Ge(004) monochroma-
tor was used to generate parallel X-ray beams with the
spatial width of 12mm. The NiGe sample was mounted in
the cradle. During the measurement, 2 and ! axes were
fixed at given angles which were calculated from the d
spacing of the particular crystallographic plane according to
Bragg’s Law. The sample was then rotated around the
normal axis to its surface (’ axis) and around the axis
formed by the intersection of the diffraction plane and the
sample surface ( axis). During the sample rotation, the
diffraction beam intensity was collected with steps of
0.3 and 1.0 for ’ and  axes, respectively. The diffraction
intensity was projected onto a hemisphere figure with ’ in
the range of 0–360 and  in the range of 0–90 to show the
texture structure of the film.
The as-deposited Ni film was about 36 cm in
resistivity. The resistance of the formed NiGe was even
lower and its thickness was much larger than the initial
Ni film before the solid state reaction. Thus the formation of
NiGe can be clearly judged by a sharp drop in the sheet
resistance curve with annealing temperature. As shown in
Fig. 1, the sheet resistance rapidly reduced to 2.2/ after
300 C annealing. The film resistivity was then calculated
to be 21.6 cm, which is in good agreement with the
reported value.1) The sheet resistance remained unchanged
from 300 to 550 C, indicating that the NiGe phase was
Fig. 1. Sheet resistance of the formed NiGe at various annealing
temperatures from 300 to 600 C. The annealing time is fixed at 60 s for all.
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stable. However, as the annealing temperature increased
higher than 550 C, the sheet resistance sharply increased.
As is well known, the sharp increase in sheet resistance
is caused by the film agglomeration. The NiGe has a eutectic
temperature of 762 C with Ge. At temperatures approaching
762 C, the atoms in NiGe already become very mobile.
Due to the high NiGe interface/surface energy as com-
pared with that of Ge, the NiGe film tends to agglomerate
into islands, exposing the underlying Ge(001) surface. The
phenomenon is clearly observed by SEM image in Fig. 2.
For annealing at 550 C, holes as large as 1 m could be
observed in the NiGe film. However, the film remained
continuous as general and the sheet resistance did not change
markedly. After 600 C annealing, the NiGe film decom-
posed into coalescent islands, and the sheet resistance
increased considerably. With even higher temperature, the
NiGe eventually broke into isolated islands and the sheet
resistance is over range.
–2 X-ray diffraction scan confirms the Ni monogerma-
nide phase in the annealed sample as shown in Fig. 3. The
phase was stable even after film agglomeration. No other
Ni-related phases such as Ni3Ge5 and NiGe2 (nickel
digermanide8)) could be detected. As seen in Fig. 3(a), the
NiGe(111) peak became stronger with higher annealing
temperature. After 600 C annealing, all the other diffrac-
tion peaks disappeared except for that of NiGe(111). We
may miscomprehend that NiGe(111) is the preferred grain
orientation in the textured NiGe film. However later on,
the pole figure study showed that NiGe(454) rather than
NiGe(111) is the epitaxial plane.
As a more powerful tool, pole figure measurement
provides an effective method of searching the target crys-
tallographic plane in all directions, thus giving statistical
information about the distribution of the grain orientations.
In the study of the NiGe texture, we chose (002) and (111) as
the target crystallographic planes for pole figure measure-
ment. This is because they both have strong intensities.
Crystallographic planes with low indices are also easy for
analysis. Figure 4 shows the pole figures of the NiGe films
after annealing at temperatures from 300 to 600 C.
In the pole figures, the well-defined symmetrically
distributed spots indicate the epitaxial alignments of NiGe
grains on Ge(001). But no fibre texture or axiotaxy could be
detected. Due to the cubic nature of the substrate Ge(001),
the features in the pole figures are of four fold rotational
symmetry. This is added to the two fold symmetry of the
NiGe’s orthorhombic nature. The black spots in Figs. 4(a)–
4(d) are from the (311) crystallographic planes in the Ge
substrate. They are collected due to the very small difference
between the d-spacings of NiGe(002) (d ¼ 1:715 A) and
Ge(311) (d ¼ 1:706 A). These spots conveniently serve as
markers for the directions of the Ge substrate. Therefore, the
up direction with ’ ¼ 90 and  ¼ 90 can be assigned
to Ge[110] and the left direction with ’ ¼ 0 and  ¼ 90
can be assigned to Ge[110] in all the shown pole figures.
From the feature position in the pole figures, two
types of epitaxial alignment were identified. They are
NiGe(454) k Ge(001) NiGe[101] k Ge[110] (Type I) and
NiGe(130) k Ge(001) NiGe[002] k Ge[110] (Type II). The
measured peak positions and calculated positions are shown
in Fig. 5 using the 300-C-annealed sample as an example.
The experimental data are in good agreement with the
calculated value within the measurement error of less than
1. A large difference occurs at positions with  close to
90. This is because the diffracted X-ray is diminishing in
its intensity as  approaches 90. Another source of error
came from the elongated patterns along the  direction.
Fig. 2. SEM images of NiGe formed on Ge(001) at various annealing
temperatures: (a) 500, (b) 550, and (c) 600 C.
Fig. 3. –2 X-ray diffraction scan of the NiGe formed at temperatures
form 300 to 600 C on Ge(001) substrate. The inset shows the NiGe lattice
parameters.
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In our system setup, the incidence X-ray is ideally parallel
in the ! direction by passing the monochrometer, but is
slightly dispersed in the  direction. The elongation is more
prominent for large intensities. For example, the Ge(311)
peaks from single-crystal Ge shown in Figs. 4(a)–4(d) are
displayed as bars along the  direction instead of dots.
The intensities of the NiGe(111) peaks are plotted in
Fig. 6 to show the evolution with the annealing temperature.
It is obvious that the diffraction intensity decreases with
higher annealing temperature for Type II grains and in-
creases for Type I grains. In the sample annealed at 600 C,
the diffraction peaks of Type II grains almost sank into
the diffraction background. The background corresponds to
other randomly oriented grains. Type I becomes the only
surviving epitaxy relationship in the NiGe film after 600 C
annealing.
At low formation temperature, the NiGe atoms are not
mobile and various epitaxy relationships could exist. With
increased annealing temperature, the texture evolution is
necessarily stated by the thermal stability of the epitaxial
grains considering their lattice misfits with the substrate.
Figure 7 shows the schematic overlays of the in-plane
epitaxy alignment for Type I and Type II grains. Table I
shows the calculated lattice mismatch. In the calculation, the
common near-coincident site lattice (NCSL)5) is used instead
of the lattice cut from the orthorhombic cell so that the
real atomic sites could be located across the epitaxial
interface. The calculation shows that the mismatch of
Type II is obviously larger than that of Type I, especially
in the NiGe[002] direction. The large lattice mismatch in
NiGe/Ge(001) could increase the interface energy, and large
interface energy may lead to thermal instability.
The surface energy played another important role.
According to previously reported calculation method,9)
using the first-order assumption that only the bonding
energy of nearest-neighbor atoms are consider, the (hkl)
planes surface energy in a crystal is calculated by
(a) (b) (c) (d)
(e) (f) (g) (h)
Fig. 4. (002) d ¼ 1:715 A and (111) d ¼ 2:590 A pole figures for textured NiGe films obtained from the reaction of a 40-nm-thick Ni film with Ge(001)
after annealing at (a, e) 300, (b, f ) 400, (c, g) 500, and (d, h) 600 C. (a)–(d) are pole figures for the (002) crystallographic plane. (e)–(h) are pole figures for
the (111) crystallographic plane.
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Type
Fig. 5. Calculation of the pole figure peak positions for epitaxial NiGe on




Fig. 6. Intensity of NiGe(111) peaks plotted versus annealing temperature
for both Type I and Type II epitaxial alignments.
Type
Type
Fig. 7. Schematic of the epitaxial alignment between NiGe and Ge(001).
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where Z is the number of the nearest-neighbor atoms, n is
the averaging number of the nearest-neighbor atoms which
would be separated when the crystal is cleaved along the
(hkl) plane, and N is the atomic density in the (hkl) plane.
NA is the Avogadro constant and H is the latent sub-
limation heat. The H for NiGe is theoretically estimated
by the heat of NiGe formation which is 32 kJ/mol10) and
by the latent sublimation heats for Ge and Ni which are
374.511) and 425.3 kJ/mol,12) respectively. Table II shows
the calculated surface energies for the Ge(001) substrate,
Type I grains, and Type II grains. It is found that the surface
energy for Type II grains is higher than that for Type I
grains, and both are higher than that for Ge(001). The
experimental value of the surface energy for Ge(001) has
been reported as 1835 erg/cm2.13)
It is widely accepted that NiGe agglomeration is driven
by the minimization of the surface/interface energy of
the films.14) Previous theoretical models have described
the grain boundary grooving process before film agglomera-
tion.15) However, these models did not consider the fact
that the interface/surface energy is different for grains with
various growth directions. Our calculation has shown that
the surface and interface energies for Type II NiGe grains
on Ge are both higher than those for Type I grains. So
Type II grains are thermally unstable as compared with
Type I grains. At temperature around 550 C, the enhanced
mass transport in NiGe films strengthened the growth
competition between grains. By judging from the intensity
evolution of the pole figure features shown in Figs. 4 and 6,
Type II grains were likely to shrink while Type I grains
expanded. The shrinkage of Type II grains led to hole
formation in the NiGe film as evidenced by the SEM
image in Fig. 2(b). These holes were of micrometers in
size and very possibly the locations where Type II
grains once occupied. As Type II grains totally diminished,
Type I grains dominated the NiGe film even after film
agglomeration.
From the above discussion, we agree that highly textured
NiGe films can be stabler at high temperatures than random
oriented NiGe films due to the reduced interface energy.
Previous research have showed that a highly textured
Ni(Pt)Ge film formed by adding 20% Pt to Ni has acquired
superior morphological thermal stability as compared to
NiGe without additive.2) In addition, the surface energy
should be considered, too.
In summary, the texture structure of NiGe films on
Ge(001) and its evolution with annealing temperature are
studied by X-ray pole figure measurement. Two epitaxi-
al alignments are revealed to be NiGe(454) k Ge(001)
NiGe[101] k Ge[110] (Type I) and NiGe(130) k Ge(001)
NiGe[002] k Ge[110] (Type II). Type I epitaxial alignment
is found to improve with higher annealing temperature,
while the latter is diminishing. This is ascribed to the
relatively high surface/interface energy for Type I grains
on Ge. The competition between various epitaxially
oriented grains at high temperatures gave rise to the initial
agglomeration of the NiGe films.
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Table I. Calculated NCSL and corresponding lattice mismatch for both
Type I and Type II epitaxial alignments.
Stain-free NiGe ( A)
aNCSL bNCSL
Type I 20.24 27.52
Type II 3.428 36.51
Mismatch with Ge(001) (%)
aNCSL=aNCSL bNCSL=bNCSL
Type I 1.2 8.1
Type II 16.7 1.4
Table II. Calculated surface energies for Ge(001) substrate, NiGe(454)
Type I and NiGe(130) Type II grains.
Z nðhklÞ
NðhklÞ H HsðhklÞ
(cm2) (kJ/mol) (erg/mol) (erg/cm2)
Ge(001) 4 2 6:25 1014 374.5 3:745 1012 1:94 103
NiGe(454) 6(Ge) 21/16 1:82 1015 5:50 103
or 831.8 8:318 1012
NiGe(130) 6(Ni) 5/3 1:92 1015 7:37 103
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